a l i f o r n i a Sumnary A Dual Mode E l e c t r i c T r a n s p o r t a t i o n (DMET) system i s under development i n which energy i s e l e c t r om a g n e t i c a l l y t r a n s f e r r e d f r o m a powered roadway t o moving vehicles. Energy from the roadway can be used for high-speed, long-range travel and f o r r e p l e n i s h i n g e n e r g y s t o r e d i n t h e v e h i c l e i n b a t t e r i e s o r f l y w h e e l s The stored energy i s t h e n a v a i l a b l e f o r s h o r t -r a n g e t r a v e l o f f t h e powered highway network.
A Dual Mode E l e c t r i c T r a n s p o r t a t i o n (DMET) system i s under development i n which energy i s e l e c t r om a g n e t i c a l l y t r a n s f e r r e d f r o m a powered roadway t o moving vehicles. Energy from the roadway can be used for high-speed, long-range travel and f o r r e p l e n i s h i n g e n e r g y s t o r e d i n t h e v e h i c l e i n b a t t e r i e s o r f l y w h e e l s The stored energy i s t h e n a v a i l a b l e f o r s h o r t -r a n g e t r a v e l o f f t h e powered highway network.
The power coupling between roadway and vehicle i s f u n c t i o n a l l y s i m i l a r t o a transformer. A source i s embedded i n t h e roadway f l u s h w i t h t h e s u r f a c e .
When t h e v e h i c l e ' s p i c k u p i s suspended over the source, energy i s m a g n e t i c a l l y c o u p l e d t h r o u g h t h e c l e a r a n c e a i r gap between pickup and roadway source.
The electromagnetic coup1 i n g mechanism has been extensively studied throuch computer models, circuit analyses and by tests of a f u l l -s i z e p h y s i c a l p r o t otype. The r e s u l t s o f these tests are described.
I n t r o d u c t i o n The r e l a t i v e i m p o r t a n c e o f t h e f a c t o r s w h i c h influence the design of automobiles
has changed mark e d l y i n t h e l a s t decade. Major concerns of the s i x t i e s were emissions and safety; major concerns now are the consumption of critical energy and m a t e r i a l resources. A p a r t i c u l a r l y u r g e n t need i s t o reduce the use o f i m p o r t e d and domestic petroleum i n t h e t r a n sp o r t a t i o n s e c t o r . T h i s i s p a r t o f t h e i n c e n t i v e w h i c h has spurred research and development of electric v e h i c l e s . E l e c t r i c i t y i s an e s p e c i a l l y a t t r a c t i v e form o f energy since i t i s a c o m n f a c t o r t o a l l p r i n c i p a l power generation technologies, present and future.
Most electric automobile development is centered on battery-powered propulsion systems.
The widespread acceptance o f such systems i s impeded by c e r t a i n o f t h e i r c h a r a c t e r i s t i c s , namely l i m i t e d r a n g e c a p a b i l i t y , poor performance and h i g h o p e r a t i n g c o s t s .
I n t h i s p a p e r , we describe an a1 ternative concept t h a t bypasses many of the disadvantages of electric v e h i c l e systems t h a t r e l y s o l e l y on battery power. The system i s c a l l e d t h e Dual Mode E l e c t r i c T r a n s p o r t at i o n (DMET) system. I n t h i s a l t e r n a t i v e , e l e c t r i c power i s c o n t i n u o u s l y a v a i l a b l e t o t h e m o v i n g v e h i c l e from a source embedded i n t h e highway. It i s proposed t h a t t h e power source be i n s t a l l e d on high-speed a r t e r i a l s w i t h i n a n e t w o r k o f s t r e e t s and highways. Power i s t h e n a v a i l a b l e t o p r o p e l t h e v e h i c l e w h i l e moving on the powered highway and can also be u t i l i z e d t o recharge an energy storage device on t h e v e h i c l e . Fig. 1. These sketches i l l u s t r a t e t h e r e l a t i o n s h i p between vehicles and power c o u p l i n g mechanism i n t h e Dual Mode Electric Transportation system. *Work performed under the auspices of the Department of Energy.
The s t o r e d e n e r g y i s t h e n a v a i l a b l e f o r u s e w h i l e t r a v e l i n g on non-powered highways and s t r e e t s . Power i s t r a n s f e r r e d f r o m h i g h w a y t o m o v i n g v e h i c l e s v i a an inductive (transformer) coupling mechanism which r e q u i r e s no physical contact between vehicle and roadway.
This system has some important advantages which, we f e e l , make i t a p r a c t i c a l s o l u t i o n t o t h e p r o b l e m of supplying energy to transportation systems. These include:
0 The DMET power source can be installed on existing highways. Highways with installed DMET power source are compatible with conventional vehicles.
The t r a n s i t i o n t o DMET t h e r e f o r e causes a minimum perturbat i o n i n t h e e x i s t i n g t r a n s p o r t a t i o n system. 0 Because o f t h e dual-mode c h a r a c t e r i s t i c o f t h e v e h i c l e s , o n l y a m i n o r f r a c t i o n o f roads need t o be powered.
The storedenergy pack i s u t i l i z e d f o r o f f -n e t w o r k d r i v i n g . However, the amount o f s t o r e d e n e r g y r e q u i r e d i s r e d u c e d t o o n l y t h a t necessary t o g a i n a c c e s s t o t h e n e a r e s t powered highway, o r t o s u p p l y t h e t y p i c a l l y m o d e s t e n e r g y demands o f c i t y d r i v i n g p a t t e r n s .
0 The e f f i c i e n c y o f e n e r g y u t i l i z a t i o n i s g r e a t e r t h a n f o r e l e c t r i c v e h i c l e s h a v i n g o n l y b a t t e r y power.
0 The DMET system may be a u s e f u l t o o l i n a c h i e v i n g b e t t e r , s a f e r v e h i c l e c o n t r o l Although the power coupling i s t o l e r a n t o f s t e e r i n g m i s a l i g n m e n t ( u n l i k e t h i r d r a i l s , f o r example), automatic guidance and vehicle detection features can r e a d i l y be added. The i n i t i a l d e s i g n o f t h e s y s t e m was done a n a l y t ic a l l y , r e s u l t i n g i n a c o n f i g u r a t i o n t h a t a p p e a r s t o be reasonably well optimized and i s t e c h n i c a l l y f e a si b l e and p r a c t i c a l , Some o f t h e r e s u l t s o f t h i s s t u d y are presented here; more details are given in a reference.1 A t p r e s e n t , p r e l i m i n a r y t e s t s a r e b e i n g conducted on a p r o t o t y p e o f t h e power coupling. Some o f these have been completed and are described i n this paper. Others w i l l be completed i n t h e n e a r f u t u r e . W i t h i n t h e n e x t y e a r , i t i s p l a n n e d t o b u i l d a 5.0 m e t e r t e s t t r a c k , t o be used i n c o n j u n c t i o n w i t h a vehicle adapted to the system.
Basic Concept
The DMET system i s based on a c o n t i n u o u s e l e c t r i c p o w e r " s o u r c e " i n s t a l l e d i n a r t e r i a l roadway lanes. As shown i n F i g . 1, t h e s o u r c e i s i n s t a l l e d w i t h i t s u p p e r s u r f a c e f l u s h w i t h t h e roadway. E l e c t r i c vehicles w i l l c a r r y a power "pickup" which i s supported by the vehicle approximately three centimeters above t h e roadway surface. Both the source and pickup a r e c o n s t r u c t e d o f l a m i n a t e d t r a n s f o r m e r i r o n , t og e t h e r w i t h s u i t a b l e w i n d i n g s .
The s i n g l e -t u r n s o u r c e conductor carries approximately 1000 A a t a frequency O f 180 Hz. When t h e p i c k u p i s i n t h e p o s i t i o n shown i n F i g . 1 , t h e m a g n e t i c c i r c u i t i s c o m p l e t e d t h r o u g h t h e a i r gap. The r e s u l t i n g m a g n e t i c f l u x l i n k s t h e p i c k u p w i n d i n g . S u f f i c i e n t power can thereby be trans f e r r e d t o p r o p e l t h e v e h i c l e a t f r e e w a y speeds and t o o f t h e p i c k u p i s p r o p o r t i o n a l t o i t s length. Small recharge the stored energy device.
The power c a p a c i t y
automobiles require approximately 20 kW t o t r a v e l a t 1 90 kph. This can be supplied by a p i c k u p o f t h e o r d e r o f 2 meters i n l e n g t h . T r u c k s and buses may r e q u i r e more than one pickup. Roadside power conditioners w i l l a c c e p t p o w e r f r o m t h e e l e c t r i c u t i l i t i e s and convert i t t o a frequency and power level suitable for the powered highway.
As shown i n F i g . 2, each power cond i t i o n e r w o u l d p r o v i d e e l e c t r i c power t o s e v e r a l source loops. I t i s planned that each loop would be 2 km o r more i n l e n g t h .
The r e q u i r e Pickups are suspended by mechanisms that can maip t a i n r e l a t i v e l y c l o s e c o n t r o l o f t h e e l e v a t i o n o f t h e p i c k u p w h i l e i t i s lowered over a source, and w i l l raise the pickup to provide normal clearances under v e h i c l e s w h i l e t h e y o p e r a t e on c i t y s t r e e t s .
Each v e h i c l e w i l l c o n t a i n an e l e c t r o n i c c o n t r o l system capable o f c o n t i n u o u s l y r e g u l a t i n g t h e c o u p l e d power. V a r i a t i o n s i n c o u p l e d v o l t a g e w i l l otherwise r e s u l t f r o m s m a l l changes i n t h e a i r gap and from guidance errors.
The energy storage on board the vehicle serves as a " l o a d l e v e l e r " c a p a b l e o f a v e r a g i g e f f e c t s o f momentary v a r i a t i o n s o r i n t e r r u p t i o n s i n coupled power.
The s i z e o f t h e s t o r a g e p a c k w i l l be s u f f i c i e n t t o a l l o w v e h i c l e s t o l e a v e o r e n t e r powered lanes a t freeway speeds, o r t o pass s t a l l e d v e h i c l e s . A stored energy pack of this minimum power c a p a b i l i t y would also support approximately 40 km o f t r a v e l a t 56 kph o f f t h e powered roadway.
I n d u c t i v e Power Coupling Design
The t r a n s f e r o f power from roadway t o v e h i c l e i s accomplished by inductive coupling.
The c o u p l i n g mechanism i s somewaht s i m i l a r t o t h a t i n c o n v e n t i o n a l power transformers.
However, s e v e r a l f e a t u r e s r e q u i r e s p e c i a l comments. F i r s t , t h e r e i s an a i r gap of nomiw a l l y 3 cm between the two parts of the magnetic core s t r u c t u r e . Second, the secondary and i t s a s s o c i a t e d core moves w i t h r e s p e c t t o t h e p r i m a r y . T h i r d , t o t h e secondary, the primary appears to be supplied from a constant current source. As shown, t h e l i n e a r s o u r c e s t r u ct u r e , w h i c h c o n s i s t s o f t h e s o u r c e c o n d u c t o r ( p r i m a r y w i n d i n g j and o n e -h a l f o f t h e c o r e o f t h e e q u i v a l e n t t r a n s f o r m e r , i s embedded i n t h e roadway. The core a s s o c i a t e d w i t h t h e s o u r c e i n c l u d e s t w o p o l e f a c e s t h a t a r e f l u s h w i t h t h e roadway surface. The pickup, which behaves as the secondary o f t h e e q u i v a l e n t t r a n s f o r m e r , i
s a t t a c h e d t o t h e v e h i c l e . The c r o s s -s e c t i o n o f t h e v i c k u p i s s i m i l a r t o t h a t o f t h e s o u r c e ; when i t s two p o l e f a c e s a r e o p p o s i t e t h e p o l e f a c e s o f t h e s o u r c e , magnetic coupling results and
power can be e f f i c i e n t l y t r a n s f e r r e The Source winding consists of a Single stranded aluminum conductor along the center of the traffic l a n e ; t h e r e t u r n l e g t o c o m p l e t e t h e e l e c t r i c a l Fig. 2 ).
The l a n e s p a c i n g i s assumed t o be 3.7 m. The c o n d u c t o r c a r r i e s a c u r r e n t t h a t i s r e g u l a t e d t o be approximately 1000 A a t a fequency of 180
Hz. This frequency offers a good compromise between weight of m a g n e t i c m a t e r i a l s a n d h y s t e r e s i s l o s s e s . The edges of the core are tapered SO as t o r e t a i n a p p r o x i m a t e l y c o n s t a n t f i e l d i n t e n s i t y t h r o u g h o u t t h e i r o n .
The 5 rn long, separated from t h e roadway core by a 2.5 cm a i r gap. The windings f o r t h e p i c k u p r e t u r n a l o n g t h e t o p o f t h e p i c k u p c o r e . T h i s c o n f i g u r a t i o n was chosen t o g i v e a reasonable performance in both coupled and uncoupled cond i t i o n s . I n o r d e r t o s t u d y t h e p e r f o r m a n c e , a computer program which i s designed to analyze m a g n e t i c s t r u c t u r e s was used t o make f l u x p l o t s o f both coupled and uncoupled conditions.
Uncoupled Condition
The uncoupled condition can occur either when no v e h i c l e s a r e on t h e roadway o r when t h e o n l y v e h i c l e s p r e s e n t a r e n o t e q u i p p e d w i t h p i c k u p s . I n t h i s , t h e " i d l i r l g " c o n d i t i o n , t h e p r i m e o b j e c t i v e s a r e t o keep t h e power losses t o a minimum and t o keep t h e s t r a y m a g n e t i c f l u x as low as possible. I t i s c l e a r t h a t t h e l o n g -t e r m e n e r g y e f f i c i e n c y o f t h e DMET system
depends on m a i n t a i n i n g t h e i d l i n g power losses as low as p o s s i b l e . T h i s i s a c c o m p l i s h e d
by using a lowresistance conductor and by keeping the flux density i n t h e i r o n t o a r e a s o n a b l y l o w l e v e l .
The m a g n e t i c f i e l d s t r e n g t h above the roadway source must also be kept reasonably low to reduce und e s i r a b l e c o u p l i n g t o o t h e r n e a r b y s t r u c t u r e s .
One o f the most common n e a r b y s t r u c t u r e s w i l l be the frames o f a u t o m o b i l e s n o t e q u i p p e d w i t h t h e p i c k u p s .
W h i l e o p t i m i z a t i o n o f t h e c o u p l i n g d e s i g n
has n o t been completed, the structure shown i n F i g . 3 has evolved from computer studies of the magnetic fields a s s o c i a t e d w i t h t h e c o u p l i n g .
These studies have been c a r r i e d o u t u s i n g a computer code designed a t t h i s laboratory for such purposes. Figure  4A shows t h e r e s u l t s o f a computer analysis of the uncoupled cond i t i o n . The r e s u l t s a r e t a b u l a t e d i n T a b l e
I . A f u l l -s c a l e p r o t o t y p e o f t h e s t r u c t u r e has since been b u i l t and i s b e i n g t e s t e d .
The r e s u l t s o f t h e s e t e s t s a r e i n a l a t e r s e c t i o n . 
Coupled Condition When a p i c k u p i s m a g n e t i c a l l y c o u p l e d t o t h e source, i t i s necessary to have
a r e a s o n a b l y h i g h c o u p l i n g c o e f f i c i e n t between the primary and secondary, good power t r a n s f e r e f f i c i e n c y , and the c a p a b i l i t y t o t r a n s f e r power a t a s u f f i c i e n t l y h i g h l e v e l , Table  I .
C i r c u i t Model
As shown i n Table I , the computer analysis gives v a l u e s f o r t h e e q u i v a l e n t i n d u c t a n c e s o f t h e c o u p l i n g . The values of RLoss and Lu a r e 0.01 18 ohms and 1.27 m i l li h e n r i e s r e s p e c t i v e l y f o r a one-kilometer length of source.
RLoss represents t h e sum o f c o n d u c t o r a n d m a g n e t i c c i r c u i t l o s s . F o r
a c u r r e n t o f 1000A, t h e i d l i n g power losses can be seen t o be 11.8 kW.
I n Fig. 5b, two vehicles have been added t o t h e c i r c u i t . I t i s r e a d i l y a p p a r e n t t h a t t h e c h a r a c t e ri s t i c s o f the coupling are measurably improved by the a d d i t i o n o f t h e c a p a c i t o r s , C, which compensate for c e r t a i n i n d u c t i v e p a r a m e t e r s o f t h e c o u p l i n g . The v a l u e o f C i s chosen t o a p p r o x i m a t e l y r e s o n a t e a t t h e driving frequency, 180
Hz. Resistors, RV1 and RV2 represent the variable loads imposed by the two vehicles. I f t h e c a p a c i t o r s a r e a d j u s t e d f o r r e s onance, t h e e q u i v a l e n t impedance presented to the s e c t i o n o f s o u r c e d i r e c t l y u n d e r t h e p i c k u p i s s i m p l y t h e t r a n s f o r m e d r e s i s t a n c e i n s e r i e s w i t h t h e l e a k a g e inductance. This i s shown i n F i g . 5c. 
h a t t h e power f a c t o r o f t h e s o u r c e e q u i v al e n t c i r c u i t changes w i t h l o a d i n g . U n d e r t y p i c a l c o n d i t i o n s , t h e t o t a l impedance o f t h e s o u r c e , ZT = d m changes r e l a t i v e l y l i t t l e w i t h l o a d i n g . Thus t h e v o l tage t h a t t h e power c o n d i t i
o n e r m u s t s u p p l y t o m a i n t a i n t h e lOOOA r e m a i n s r e l a t i v e l y c o n s t a n t .
It i s i n t e r e s t i n g t o n o t e t h a t , b e c a u s e a constant c u r r e n t f l o w s i n t h e p r i m a r y o f t h e e q u i v a l e n t t r a n sformer, the value of RV must be reduced t o reduce the power. T h i s i s i n c o n t r a s t t o s i t u a t i o n s i n w h i c h a t r a n s f o r m e r i s d r i v e n f r o m a constant voltage.
Prototype Tests
As a second phase i n t h e development o f t h e DMET System, a prototype of the power coupling has been c o n s t r u c t e d . T h i s i s b e i n g u s e d t o v e r i f y some of the b a s i c d e s i g n c o n c e p t s a n d t o b u i l d a base of data on w h i c h t o d e s i g n a t e s t t r a c k f a c i l i t y , The prototype sented here. i s now u n d e r t e s t ; some p r e l i m i n a r y r e s u l t s a r e p r e - A s c h e m a t i c o f t h e t e s t c o n n e c t i o n s i s shown i n Fig. 7 . The source loop i s e x c i t e d b y a motor generat o r s e t c a p a b l e o f g e n e r a t i n g power over the 150-210 Hz frequency range.
The p i c k u p i s e q u i p p e d w i t h a v a r ia b l e c a p a c i t o r b a n k t o r e s o n a t e t h e p i c k u p c i r c u i t . I t can be loaded either with a r e s i s t a n c e l o a d o r a c i r c u i t t o s i m u l a t e an on-board battery charger c i r c u i t.
A c r o s s -s e c t i o n o f t h e p r o t o t y p e power c o u p l i n g i s a l s o shown i n F i g . 7. The prototype coupling has been made w i t h a s l i g h t l y d i f f e r e n t c o n f i g u r a t i o n f r o m t h a t u s e d i n t h e c o m p u t e r a n a l y s i s . T h i s was done t o enhance the tolerance to misalignment of source and pickup over that determined for the model used in the computer analysis.
The t e s t s f o r w h i c h t h e p r o t o t y p e i s i n t e n d e d include the measurement
o f m e c h a n i c a l f o r c e s , e l e c t r ic a l c h a r a c t e r i s t i c s and magnetic fields.
A p r e l i m i n a r y phase of the testing program has been completed. The r e s u l t s p r e s e n t e d h e r e a r e f r o m p a r t o f t h e d a t a o b t a i n e d i n t h a t w o r k .
Force Measurements M a g n e t i c s t r u c t u r e s t e n d t o move i n t h e d i r e c t i o n t o m i n i m i z e t h e e n e r g y s t o r e d i n t h e m a g n e t i c f i e l d . Therefore, a v e r t i c a l f o r c e i s g e n e r a t e d b e t w e e n t h e p i c k u p a n d s o u r c e t h a t t r i e s t o r e d u c e t h e a i r gap. I n a d d i t i o n , h o r i z o n t a l f o r c e s a r e g e n e r a t e d whenever the pickup and source are misaligned. It i s necessary t o i n s u r e t h a t t h e s e f o r c e s a r e w i t h i n r e a s o n --i .e. , o f such a m a g n i t u d e t h a t t h e h a n d l i n g c h a r a c t e r i s t i c s o f t h e v e h i c l e a r e n o t i m p a i r e d .
The computer analysis indicated that the forces were reasonable.
To v e r i f y t h i s , a s e r i e s o f t e s t s was made on t h e p r o t o t y p e f a c i l i t y . To measure v e r t i c a l f o r c e s t h e p i c k u p was p l a c e d i n a t r a y and hung from a s u p p o r t i n g s t r u c t u r e . T h r e e f o r c e gauges were used t o measure these forces a t t h e p o i n t s o f support. Another force gauge i s used t o measure the h o r i z o n t a l f o r c e r e q u i r e d t o m a i n t a i n t h e p i c k u p s t r u c t u r e a t s e l e c t e d o f f s e t p o s i t i o n s . F i g .
8 shows some r e p r e s e n t a t i v e r e s u l t s .
E l e c t r i c a l P a r a m e t e r s F o r e l e c t r i c a l p a r a m e t e r s , i n a d d i t i o n t o t h e meters shown i n t h e s c h e m a t i c ( F i g .
71, c u r r e n t s h u n t s a r e u s e d a t c e r t a i n key p o i n t s o f t h e c i r c u i t t o observe wave forms and phase angles. After f i r s t d e t e r m i n i n g t h e c h a r a c t e r i s t i c s o f t h e l o o p w i t h o u t t h e pickup (not presented here) and some open and short c i r c u i t e d p i c k u p measurements, t h e e q u i v a l e n t c i r c u i t i n F i g . 9 can be constructed.
The parameter values d i f f e r f r o m t h o s e p r e s e n t e d e a r l i e r i n T a b l e I because o f t h e d i f f e r e n t s o u r c e and pickup geometry. Also, no f i g u r e s f o r l e a k a g e i n d u c t a n c e o f t h e s o u r c e a r e :iven.
Because o f t h e e n d e f f e c t s o f t h e s h o r t s e c t i o n o f s o u r c e u s e d i n t h e s e t e s t s , i t i s d i f f i c u l t t o make meaningful measurements o f t h i s p a r a m e t e r .
The power c o u p l i n g c h a r a c t e r a n d e f f i c i e n c y i s s u f f i c i e n t l y d e s c r i b e d b y t h e e q u i v a l e n t c i r c u i t .
Magnetic Measurements
To measure magnetic flux density, two Hall gauss meter probes, each monitoring the vertical or horizont a l component, are mounted on a motor driven support. The output of these gauss-meters are plotted against t h e p r o b e p o s i t i o n as the motor moves them along a h o r i z o n t a l l i n e . F i g . 1 0 i s a r e p r e s e n t a t i v e p l o t o f f l u x d e n s i t y .
Future Work
The program described i n t h i s paper has been supp o r t e d b y t h e D i v i s i o n o f T r a n s p o r t a t i o n E n e r g y Conservation of the Department of Energy. Development phases subsequent t o t h e c o m p l e t i o n o f t h e s t a t i c p r ot o t y p e t e s t s a r e p l a n n e d t o c o n s i s t o f a dynamic prototype system with a 50 meter source and skeletal e l e c t r i c v e h i c l e . S u c c e s s f u l c o m p l e t i o n o f t h i s w o r k would be followed by the construction and testing of a t e s t t r a c k s y s t e m and advanced v e h i c l e s , a n d f i n a l l y a p i l o t i n s t a l l a t i o n would be made. Work i n c l u d e d i n these phases includes the development of roadside power c o n d i t i o n e r s and v e h i c l e power systems, control e l e c t r o n i c s f o r v e h i c l e s and c o n d i t i o n e r s , and t h e i n v e s t i g a t i o n o f s t r a t e g i e s f o r a u t o m a t i c v e h i c l e guidance and control. 
